Permeable concrete has been widely used in infrastructure constructions due to its excellent water permeability and environmental protection function. In this paper, a silane coupling agent (SCA) was utilised to modify a cement paste and permeable concrete with an emulsified asphalt (EA) for improving the workability of the cement paste and the frost resistance of the permeable concrete. A rheometer was used to characterise the rheological properties of the cement paste. The results of the experiment suggested that the hysteresis loop area of the cement paste increased 10.2 % to a value of 22739 Pa•s -1 , proving that the utilisation of the SCA was suitable to enhance the workability of the cement paste with the EA. The frost resistance of the permeable concrete increased 4.2 % while its 120-day dry shrinkage reduced 40.7 %. In addition, the bonding strength of the cement paste and the 28-day compressive strength of the permeable concrete increased 40.7 % and 61.4 % by the 0.14 % SCA, respectively. Furthermore, the difference of the total void ratio and interconnected void ratio of the permeable concrete was reduced by the SCA, which suggested the utilisation of the SCA was beneficial in ensuring the mechanical properties and water permeability of the concrete.
INTRODUCTION
Concrete is the most widely used material in construction and civil areas. For normal concrete, urban ecological problems, such as the 'heat island effect' [1] [2] [3] [4] , inland inundation [5, 6] and water and soil erosion [7] , also occur frequently due to the application of normal concrete. Therefore, a functional concrete with excellent water permeability was purposed to overcome the shortcomings of concrete as described above, and it has been appropriately named as 'permeable concrete'.
Permeable concrete is an important green building material, which conforms to the concept of a 'sponge city' [8] . The use of permeable concrete can increase the water and air permeability and reduce the surface temperature and mitigate the 'heat island effect' of the urban infrastructure due to its absorption capacity for the harmful ions [9] [10] [11] . In addition, the use of permeable concrete can also effectively solve the problem of water pollution [12] . Furthermore, the amount of cement used in the permeable concrete production is lower than that of ordinary concrete, which can reduce the consumption of energy and the emission of CO 2 [13] [14] [15] . Owing to its excellent performance, permeable concrete has been widely used in slope protection, parking lots and sidewalks [16, 17] .
Although permeable concrete has many excellent properties, the disadvantage of poor frost resistance hinders its widespread application and development. Therefore, there many scholars have focused on the frost resistance of permeable concrete. A previous investigation showed that admixing with a silica fume or fibre or increasing the cement content could improve the frost resistance of the permeable concrete [18] . The study of Dalibor K. et al. [19] showed that the grain size distribution of the coarse aggregate has an influence on the frost resistance and mechanical properties of permeable concrete. Hao W. et al. [20] investigated the properties of permeable concrete, especially the frost resistance, which suggested that ethylene-vinyl acetate (EVA) latex and polypropylene (PP) fibres could significantly improve the frost resistance owing to the enhancement of the interfacial bonding on the cementitious matrix. Therefore, organics have often been used to enhance the frost resistance of the permeable concrete. Similarly, emulsified asphalt (EA), as a kind of organic, was commonly used to improve the frost resistance of concrete. The work by Lahdensivu J. et al. [21] on the durability of asphalt concrete suggested that the asphalt could improve the durability of the concrete. Therefore, EA was adopted to increase the frost resistance of the permeable concrete in this study. EA is a liquid asphalt that produces oil-in-water under the special process of the asphalt and emulsifier. It is a kind of road building material with low viscosity and good fluidity at normal temperatures. However, the mechanical properties (e.g., compressive strength, flexural strength) of the concrete decreases with an increase in the EA, while the frost resistance is improved by the EA. At the same time, the mismatch between the cement and the EA can be mitigated by a silane coupling agent (SCA) due to the fact that the SCA can insert the zone in between the organic and inorganic formed an "organic matrix-SCAinorganic matrix" bonding layer. According to the theory, SCA has been utilised to contact the cement particles and the EA, the same as a bridge. Hence, SCA has been used to modify the EA in order to improve the frost resistance and mechanical properties in this paper.
In this paper, EA has been adopted to improve the frost resistance of the permeable concrete, and SCA has been used to modified to enhance the EA to improve the combination between the EA and the cement paste in order to ensure the mechanical properties of the permeable concrete. The properties of cement paste and the permeable concrete, especially the rheological properties of the cement paste and the resistance of the permeable concrete, have been investigated. Another im-portant purpose of this paper is to offer useful data for improving the development of the permeable concrete industry.
EXPERIMENTAL

Raw materials
Ordinary Portland cement (OPC, Grade 42.5R according to the Chinese National Standards GB 175-2007 [22] , manufactured in the Qufu Branch of CUCC, China) was used as the main cementitious material. The X-ray diffraction analysis (XRD, Advanced D8, Germany) and quantitative X-ray diffraction (QXRD) were employed to analyse the phases of the OPC, and the result is presented in Figure 1 and Table 1 . The particle size distribution of the OPC was determined using a laser particle size analyser (LS13320, USA) and is shown in Figure 2 . The chemical compositions of the OPC were measured by an X-ray fluorescence spectrometer (XRF, Tiger S8, Germany), and the physical properties of it were tested according to GB 175-2007 [22] , as shown in Table 2 and Table 3 . The limestone (manufactured in the Chang Qing Concrete Supplier Co., Ltd, China) with a diameter of 8 -11 mm was used as the aggregate, the physical properties of it were given in Table 4 . The physical properties of the EA (manufactured in the Jinan Huanghe Luqiao Construction Group Co., Ltd, China) are given in Table 5 . The SCA (manufactured in the Shengbin Chemical Co., Ltd of Tianjin, China) was adopted to enhance the bonding between the ce-ment paste and the EA. The SCA used in this paper was KH550. A polycarboxylate polymer (PP, Shandong Academy of Building Research, China) was used as the superplasticiser, and its physical properties are presented in Table 6 .
The orthogonal test design and sample preparation
The work of the permeable concrete modified by the EA suggested that the optimal OPC:EA was 1000:70 [32] . In this paper, 0.07 % (by the mass of the cement, is as follows), 0.14 %, 0.21 %, 0.28 % and 0.35 %, KH550 were add into the cement paste at the OPC:EA of 1000:70, and marked as SC-K1, SC-K2, SC-K3, SC-K4, SC-K5, SC-K6. The cement paste with 0 % KH550 was used as the reference, and marked as SC-K0. The composite of the cement pastes is presented in Table 7 . The mixing procedure of the cement paste, in details, is as follows: Ceramics -Silikáty 64 (2) 125-134 (2020)
• the KH550 and the mixing water were mixed together in a mixer for 3 min;
• the PP was added into the mixer and further mixed for another 30 s;
• the OPC was added into the mixer for the next 120 s. The preparation of the cement paste is shown in Figure 3a .
The cement paste, as described above, and the coarse aggregate were adopted to prepare the permeable concrete using a concrete mixer. The paste-aggregate ratio was 0.22, and marked as PC-K0, PC-K1, PC-K2, PC-K3, PC-K4, PC-K5, PC-K6. Then, the fresh permeable concrete was cast into cuboid moulds (100 × 100 × 100 mm, 100 × 100 × 400 mm and 100 × 100 × 515 mm) and cylindrical moulds (diameter 100 mm, height 200 mm), and were consolidated by an electric vibrator. The moulded specimens were then put in a curing environment of 20 ± 2 ºC and 95 + 5 % RH (relative humidity). After 24 hours, the specimens were placed under water at 20 ± 2 ºC for another 2 days and 27 days. The preparation of the cement paste is presented in Figure 3b .
The properties being tested and the material properties
The rheological properties
The rheological properties of the cement paste, such as the shear stress, shear rate and apparent viscosity, were measured by a rheometer (Kinexus Lab+, UK).
The procedure for the measurement of the rheological properties of the cement paste is shown in Figure 4 . The rheological properties of the fresh cement paste were measured with a constant shear rate of 100 s -1 in the first 2 min, followed by 2 min of rest. Then, the cement paste had an increasing shear rate from 0 to 200 s -1 for 2 min and a descending shear rate for 2 min.
The TG analysis
The thermo-gravimetric (TG) curve was collected by a simultaneous thermal analysis instrument (TGA/1600HT, Switzerland) in a temperature range of 30 -1000 ℃ with an increasing heat rate of 10 ℃•min -1 and the flow rate of the argon gas was 50 ml•min -1 .
The bonding strength
In this test, the outer frame size of the metal mould was 70 × 70 mm 2 , the inner frame size was 43 × 43 × × 3 mm according to JGJ/T 70-2009 [23] . The metal mould was placed on the cement mortar block, and then the cement paste was poured into the mould. The sample was cured at 20 ± 2 ℃ and 95 + 5 % RH for 7 days. After which, the metal mould was removed. The bonding strength of the samples was calculated by the following Equation 1:
where f b is the bonding strength (MPa), F is the force of the specimen when it fails (N), A Z is the bonding area (mm 2 ).
The FT-IR analysis
A Fourier transform infrared (FT-IR) spectrometer (Nicolet 380, USA) was utilised to determine the functional group of the hydrated cement with the SCA.
The frost resistance
The size of samples for the freeze-thawing method was 100 × 100 × 400 mm according to GB/T 25993-2010 [24] . The samples were soaked in deionised water for 24h with a temperature of 20 ± 2 ℃, and then they were taken out of deionised water. The weights of the samples were measured immediately after the surface moisture was removed and noted as m 0 . A total of 50 cycles were applied in this paper, where one cycle consisted of freezing in -20 ℃ for 4 h, and thawing in 20 ℃ for 2 h. the weights of the samples were recorded after ever 10 cycles (m 1 ). The weight loss rate (WLR) of the samples use the following equation to reflect the frost resistance Equation 2:
(2)
Dry shrinkage
The dry shrinkage was determined according to GB/T 50082-2009 [25] . The samples for the dry shrinkage size were 100 × 100 × 515 mm. The samples were cured at a temperature of 20 ± 2 ℃ and 95 + 5 % RH for 3 days, and then the samples continued to be cured at a temperature of 20 ± 2 °C and 65 ± 5 % RH, for the same time in order begin to measure and record the length of the samples. The dry shrinkage ratio could be evaluated with Equation 3:
where ε st was the dry shrinkage ratio when the time was t, L b was the length of the permeable concrete (mm), L 0 was the initial length of the sample (mm), L t was the length of the sample at age t.
The mechanical properties
The flexural strength and the compressive strength of the permeable concrete was determined according to GB/T 50081-2003 [26] , the samples were tested by using a pressure testing machine (Exceed, E43, USA).
The void ratio tests
The total void ratio was tested by dividing the difference between the initial mass (M 1 ) of the specimens under water and the final mass (M 2 ) determined following the air drying (25 ± 1 °C, 20 ± 2 % RH) for 24 h with the volume (V) of the specimens. The interconnected void ratio was measured by dividing the difference between M 1 and the final mass (M 3 ) tested following the air curing (25 ± 1 ºC, 95 + 5 % RH) for 24 h with the volume. In addition, the density of water (ρ) needed be determined. The equations used to obtain the total void ratio (R TV ) and the interconnected void ratio (R CV ) were as follows Equation 4, Equation 5:
The water permeability coefficient (WPC)
The water permeability coefficient (WPC) of the permeable concrete was measured in accordance with ISO 17785-1, 2016 [27] . The WPC was determined over a period of 50 s under a water head of 150 mm. The equation used to obtain the WPC was as follows Equation 6: (6) where Kr was the WPC (cm•s -1 ); H was the length of the specimen (cm); Q was the amount of the drain off water from t 1 to t 2 (cm 3 ); h was the difference of the water head; t 2 -t 1 was the time (s); A was the area of the cross section of the cylindrical specimen (cm 2 ).
RESULTS AND DISCUSSIONS
The rheological properties Figure 5 shows the hysteresis loops and the hysteresis loop areas of the cement pastes. As shown in Figure 5 , the shear stress increased with the shear rate, which was beneficial for the cement paste to wrap itself on the surface of the aggregate. This phenomenon was different from the ordinary cement paste. The likely reason was that the addition of the SCA increased the adhesion between the EA and the cement particle. The maximum shear stress increased with an increase in the SCA addition, with a dosage of no more than 2 % of the SCA. When the dosage of the SCA was 2 %, the shear stress of SC-K2 reached 777.3 Pa. Compared with the reference of SC-K0, the shear stress increased by 10.3 %. It indicated that the addition of the SCA could improve the viscosity of the cement paste. It was beneficial for the cement paste to cover the surface of the aggregates. The area of the hysteresis loop could characterise the workability of the cement paste, which increased with an increase in the SCA content. As shown in Figure 5c , the hysteresis loop area reached 22739 Pa•s -1 . Compared with the reference of SC-K0, the hysteresis loop area increased by 10.2 %. The workability of the cement paste was improved [28] , when the dosage of the SCA was 2 %. The cement paste became easier to wrap around the surface of the aggregates and became more compact.
As shown in the Figure 6 , the bonding strength of the cement paste increased from 2.7 MPa to 3.8 MPa when the dosage of the SCA was in the range of 0-2 %. SC-K2 reached 3.8 MPa, compared with SC-K0 whose bonding strength increased by 40.7 %. When the dosage of the SCA exceeded 2 %, the bonding strength of the cement paste decreased. Figure 7 shows the chemical group and organic composition of the cement paste, which were analysed by infrared spectra (FT-IR). The stretching vibration and bending vibration of the Si-O bond at 2100 cm -1 , the reference SC-K0 did not detect the Si-O bond. The stretching vibration of SC-K1 was formed and though it was not obvious, and SC-K2 has completely formed [29] . The Si-O bond could enhance the bonding between the EA and the cement particles. That is why the bonding strength of the SC-K2 cement paste was higher than SC-K1. When the dosage of the SCA exceeded 2 %, the Si-O bond formed, but the redundant SCA accumulates on the surface of the cement particles, preventing the cement from hydrating. It explains why the bonding strength of the cement paste decreased when the dosage of the SCA exceeded 2 %. 
SC-K0
The TG analysis
The results of the TG analysis of the hardened cement paste are shown in Figure 8 . In the range of 30 -190 °C, the C-S-H gel mainly decomposed. The endothermic peak between 160 °C and 200 °C represented the decomposition of the calcium carbo-aluminate [33, 34] . The work of Yaqing J. et al. suggested that the calcium carbo-aluminate was produced in the early-age (~15 min) hydration of the cement in that the polycarboxylate polymer was adopted [34] . In the range of 420 -500 °C, the decomposition of Ca(OH) 2 was mainly represented [30] . The content of the C-S-H gel increased when the dosage of the SCA was increased in the range of 0 -2 %. When the SCA content was 2 %, the mass loss of the C-S-H gel of PC-K2 was 9.0 %, and the mass loss of the C-S-H gel increased by 2.8 % compared with PC-K0. At the same time, the content of Ca(OH) 2 also showed a similar trend. Therefore, when the SCA content was 2 %, the effect on the cement hydration was the greatest. This also explains why the bonding strength of the cement paste was highest when the SCA content was 2 %, and why it decreases when the dosages of the SCA exceed 2 %. The main reason for this was that the excessive SCA accumulation on the surface of the cement particles hinders the contact between the cement particles and the water, thus obstructing the hydration of the cement.
The frost resistance Figure 9 shows the mass remaining of the permeable concrete. As shown in Figure 9 , the mass remaining rate of the permeable concrete decreased with an increase in the freezing and thawing cycles. When the frost cycles reached 50, the mass remaining rate of sample PC-K0 was 92.7 %. At the same time, the mass remaining rates of samples PC-K2 and PC-K5 were 96.9 % and 94.5 %, respectively. The results demonstrated that the addition of the SCA could improve the frost resistance of the permeable concrete, due to the excellent bonding performance of the cement paste, when the SCA content was 2 %. When the dosage of the SCA exceeds 2 %, the frost resistance of the samples was much lower than PC-K2. The results are in accord with the bonding strength of the cement paste. At the same time, this also explains why the frost resistance of the permeable concrete first increased and then decreased.
The dry shrinkage
The dry shrinkage development of the permeable concrete is shown in Figure 10 . It can be found that the dry shrinkage mainly occurred in the early stage of the hardening, and tended to be stable after 30 days. When the curing time was up to 120-days, the drying shrinkage rate of PC-K5 was 183 × 10 -6 , which was higher than the others. When the dosage of the SCA was 2 %, the dry shrinkage of PC-K2 decreased to 122 × 10 -6 , compared with PC-K5, where the dry shrinkage rate decreased by 33.3 %. Generally speaking, the dry shrinkage of the concrete occurred when the free water evaporated from the pores of the cement paste and the aggregates. When the dosage of the SCA was 2 %, the cement paste was evenly and compactly wrapped around the surface of the aggregate. Therefore, the absorption of the free water in the cement paste by aggregates was hindered, which the dry shrinkage reduced.
The mechanical properties
The compressive strength and the flexural strength of the permeable concrete is presented in Figure 11 . As shown in Figure 11a with the bonding strength of the cement paste, because the mechanical properties of the permeable concrete was decided by the bonding strength of the cement paste of the coarse aggregates. Furthermore, it was also explained that the compressive and the flexural strength of the samples decreased when the content of the SCA exceeded 2 %.
The void ratio
As shown in Figure 12 , the total void ratio of the samples decreased when the dosage of the SCA was in the range of 0 -2 %. The total void ratio of PC-K2 decreased to 29.8 %, which was the lowest amongst all of the experiments. This also explains why the compressive and flexural strength of the samples were the highest, when the SCA content was 2 %. The interconnected void ratio of PC-K2 was 21.8 %, the difference value was Δ = 7.0 %, which was the minimum value when compared to the others. The addition of the SCA reduced the ratio of the harmful and closed pores in the permeable concrete. The reason for this phenomenon is that the cement paste is coated more compactly on the surface of the aggregate and the harmful and closed pores are reduced [31] .
As shown in Figure 13a the WPC of the samples decreased, in which the samples contained 2 % of the SCA. Excluding the reference of PC-K0, when the dosage of the SCA was 2 %, the WPC of PC-K2 reached 1.66 cm•s -1 , which was the highest amongst all of the methods. The results of the WPC were consistent with the interconnected void ratio. Figure 13b shows the relationship between the interconnected void ratio and the WPC. The correlation coefficient of the interconnected void ratio and the WPC of the permeable concrete is PC-K0 0.94846, which suggested that there was a strong linear correlation between the two parameters. It also confirms the conclusion that the WPC of the permeable concrete depends on its interconnected void ratio.
CONCLUSIONS
A silane coupling agent (SCA) was utilised to modify the cement paste and permeable concrete with an emulsified asphalt (EA). The rheology and bonding strength of the cement paste and the frost resistance, dry shrinkage, mechanical properties, void ratio and water permeability of permeable concrete were investigated in this paper. The investigation supports the following conclusions:
• Utilisation of an SCA proved to be suitable for the enhancement of the workability and bonding strength of the cement paste in the cases when its addition is no more than 0.14 % (by mass of the cement).
The hysteresis loop area and the bonding strength of the cement paste increased 10.2 % and 40.7 %, respectively, at a SCA content of 0.14 %.
• With the addition of the SCA, the frost resistance and dry shrinkage of the permeable concrete can be improved. With the SCA dosage of 0.14 %, the mass remaining of the permeable concrete increased 4.2 % after the 50 freeze-thaw cycles and reduced 23.8 % at the 120-day dry shrinkage.
• The 3-and 28-day compressive strength and flexural strength of the permeable concrete could be enhanced by the SCA due to a decease in the total void ratio of the permeable concrete. The interconnected void ratio and water permeability coefficient of the permeable concrete decreased by the SCA addition also, and the difference of the total void ratio and interconnected void ratio was reduced by the SCA. Figure 13 . The WPC of the permeable concrete (a) and the relationship between the interconnected void ratio (b).
